We demonstrate a velocity selection scheme that mitigates suppression of electromagnetically induced transparency (EIT) by Doppler shifts for low-high EIT probe-coupling wavelength ordering. An optical pumping beam counter-propagating with the EIT probe beam transfers atoms between hyperfine states in a velocity selective fashion. Measurement of the transmitted probe beam synchronous with chopping of the optical pumping beam enables a Doppler-free EIT signal to be detected. Transition frequencies between 5P 1/2 and nS 1/2 states for n =26, 27, and 28 in 39 K are obtained via EIT spectroscopy in a heated vapor cell with a probe beam stabilized to the 4S 1/2 →5P 1/2 transition. Using previous high-resolution measurements of the 4S 1/2 →nS 1/2 transitions, we make a determination of the absolute frequency of the 4S 1/2 →5P 1/2 transition. Our measurement is shifted by 560 MHz from the currently accepted value with a two-fold improvement in uncertainty. These measurements will enable novel experiments with Rydberg-dressed ultracold Fermi gases composed of 40 K atoms.
Introducing long-range interactions between atoms trapped in optical lattices has attracted intense interest because of the possibility to realize novel quantum phases of matter, such as quantum magnetism [1, 2] and topological superfluids [3] . Several experimental approaches have been pursued, including trapping polar molecules [4] and atomic species with large magnetic dipole moments [5] [6] [7] . Rydberg atoms, which have a valence electron excited to a state with high principle quantum number n and therefore exhibit strong van der Waals inter-atomic interactions, are also a potential candidate. Interaction-induced blockades [8] and self-assembled crystals of Rydberg atoms have been observed experimentally in optical lattices [9] [10] [11] . However, the typical lifetime of Rydberg states is too short for a quantum many-body system to equilibrate, which hinders exploring exotic quantum phases. Recent theoretical proposals have suggested Rydberg-dressed states as a technique to avoid this problem. In this method, a small and adjustable fraction of a Rydberg state is coherently mixed into the ground state wavefunction to extend the lifetime and tune the interaction length scale to be comparable to the lattice spacing [12, 13] .
Experimental work on ultracold Rydberg gases has largely focused on bosonic 87 Rb atoms [14] . Rydberg dressing, for example, was investigated using trapped 87 Rb atoms without a lattice [15] . However, the Rydberg-dressed interaction could not be detected. Realizing
Rydberg-dressed interactions between fermionic atoms trapped in an optical lattice would be an exciting step toward resolving puzzles related to strongly correlated electronic solids [16, 17] . 40 K atoms are an attractive candidate for Rydberg dressing of a fermionic species because they are readily trapped in a lattice in Mott insulator and band insulator states [18, 19] . Furthermore, Rydberg states can be accessed using diode lasers via the 4S → 5P
and 5P → nS transitions at 404.8 and 1003.7-977.3 nm for n =20-40, respectively. Also, using the 5P state as an intermediate level enhances the Rydberg dressed lifetime compared with the D2 transition employed in experiments with Rb so far, since the natural lifetime is approximately six times longer. While the absolute frequencies of the 4S → nS transitions are known with approximately ±10 MHz uncertainty [20] , the 4S → 5P frequency has a relatively large reported ±150 MHz uncertainty [21] and, to our knowledge, a measurement of the absolute frequency has not been carried out. Therefore, determining the 4S → 5P wavelength and developing a method for spectroscopically resolving this transition is a necessary first step toward Rydberg dressing with 40 K.
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In this paper, we describe using electromagnetically induced transparency (EIT) [22] [23] , and the approximately 100 MHz isotope shifts for the nS states with n > 9 are consistent with the Bohr mass shift within 1 MHz [24, 25] . Therefore, once the transitions are identified using 39 K, the laser frequencies can be straightforwardly shifted using acousto-optic modulators to address 40 K. While using a vapor cell is simpler and less resource intensive than a cold gas, the Doppler effect suppresses the EIT signal for the high-low frequency ordering that we employ [26, 27] . To overcome this effect, we have developed a strategy for velocity-selective EIT spectroscopy and detected EIT for the 404.8 nm probe transition induced by a coupling laser tuned to 5P → nS for n = 26-28.
The energy level diagram relevant to our EIT measurement is shown in Fig. 1 The Doppler effect can have a deleterious impact on measuring EIT in a ladder system.
Whether EIT is observable upon averaging over a thermal velocity distribution depends on the wavelength ordering of the coupling and probe beam [26, 27] . If λ p > λ c (the condition satisfied by most previous EIT measurements involving 87 Rb Rydberg states [29] [30] [31] ), using counter-propagating coupling and probe beams will alleviate the impact of the Doppler effect. A more general analysis reveals that the demodulated signal arises from two distinct velocity classes. In the rest frame of an atom with velocity v = βc, the Doppler-shifted frequency of the probe beam isf p = (1 − β)f p andf op = (1 + β)f op for the optical pumping beam [ Fig. 1(b) ]. Since the demodulated signal is only non-zero for changes in the transmission of the probe caused by the optical pumping beam, the atom must be resonant with both beams. Hence, the demodulated signal is derived from atoms with velocities that satisfy
(which is enforced in our experiment using an acousto-optic modulator), the velocity classes that give rise to a signal are β = 0 and β = −2f hp /(f p + f op ) ≈ −f hp /f p . The latter case corresponds to a velocity for which the optical pumping and probe beams in the atomic rest frame are exchanged compared with the zero-velocity case (inset of Fig. 1(a) ), and the probe beam is resonant with the 4S, F = 1 → 5P 1/2 transition.
EIT for the probe beam is achieved when the overall detuning vanishes in the atomic rest frame, i.e., whenf c +f p is equal to the frequency difference f 0 between the 4S 1/2 and nS 1/2
states, wheref c is the frequency of the coupling beam in the rest frame of the atom. This condition for β = 0 is f c + f p = f 0 and for
With the probe beam stabilized to the 4S 1/2 , F = 2 → 5P 1/2 transition, EIT will be observed for f c = f 0 − f p (for the v = 0 atoms) and for f c = ( To measure EIT, we tune the near-infrared coupling laser close to the frequency resonant with the 5P 1/2 → nS 1/2 transition predicted by previous measurements of the 4S → 5P 1/2 [21] and 4S → nS transitions [20] . The frequency of the coupling laser is scanned and measured using a high-resolution wavemeter (Bristol 621A) while the signal from the lockin amplifier, which is proportional to changes in the transmitted probe power, is recorded.
Typical data for n = 28 are shown in Fig. 3 . The lock-in amplifier signal is shown vs. the difference in frequency between the coupling laser and the predicted 5P 1/2 → nS transition frequency based on Refs. 20 and 21. We assume that the wavelength measured in Ref. 21 corresponds to the frequency labeled f 5P 1/2 in Fig. 1a . The two pairs of peaks evident in Fig.   3 derive from the two velocity classes that contribute to the EIT signal, whereas the doublet structure arises from EIT through the F = 1 and F = 2 hyperfine states in the excited square-wave generator and radio-frequency (rf) switch is used to modulate the signal generator that drives the AOM and chop the optical pumping beam. A optical chopping wheel modulates the coupling beam at 1.27 kHz. The transmitted power of the probe beam is measured using a photodetector (PD). The PD signal is doubly demodulated, first using a mixer followed by a low-pass (LP) filter, and then using a lock-in amplifier. 
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EIT spectroscopy of the 28S state. The signal from the lock-in amplifier, which is proportional to changes in the probe transmission, is shown as the frequency of the coupling laser is scanned. The abscissa is the frequency difference of the coupling laser relative to the 5P 1/2 → nS transition predicted by previous measurements of the 4S → 5P 1/2 and 4S → nS transitions [20, 21] .
Each point is an average of 5 measurements, and the error bars are the standard error of the mean.
The dotted line is a fit to the sum of four Gaussian functions.
We measure these EIT features for n = 26, 27, and 28, which spans 0.86 THz in the coupling laser frequency. Fig. 4 shows the center frequencies of the EIT peaks (as deviations The error bars show the uncertainty from the fits to data such as those in Fig. 3 . The 60 MHz uncertainty from the accuracy of the wavemeter is not included in the error bars.
Based on our measurement, the 4S 1/2 → 5P 1/2 transition frequency (as labeled f 5P 1/2 in Fig. 1a) should be shifted by 560 ± 80 MHz from the currently accepted value [21, 33] , giving 740529.36 ± 0.08 GHz for the absolute frequency of this transition. Our measurement represents a factor of two improvement in the present ±150 MHz reported uncertainty for this transition [21] . Our results are not consistent with the currently accepted value of this transition, which was determined using a grating-based spectrometer and hollow-cathode lamp [21] , and was therefore not a measurement of the absolute frequency. Also, the groundstate hyperfine structure was not accounted for in Ref. 21 , potentially introducing large systematic errors. Furthermore, the source of the ±150 MHz reported uncertainty and a justification of that value were not explained in Ref. [21] .
In conclusion, we have developed a simple method to mitigate the impact of the Doppler effect on EIT spectroscopy in a vapor cell for high-low probe-coupling wavelength ordering.
We have determined an improved value for the frequency of the 4S 1/2 → 5P 1/2 transition in 39 K, which is useful for Rydberg dressing and may have an impact on understanding aeronomic nightglow [34] and astronomical studies of cool or dust-obscured objects [35] .
Our method can be adapted to frequency stabilize the near-infrared coupling laser to the 5P 1/2 → nS 1/2 transition via frequency modulation spectroscopy [36] . Future work includes applying 404.8 nm and approximately 980 nm light to 40 K atoms trapped in an optical lattice to investigate Rydberg dressing.
